Copy-number variants (CNVs) are a source of genetic variation that increasingly are associated with human disease. However, the role of CNVs in human lifespan is to date unknown. To identify CNVs that influence mortality at old age, we analyzed genome-wide CNV data in 5178 participants of Rotterdam Study (RS1) and positive findings were evaluated in 1714 participants of the second cohort of the Rotterdam Study (RS2) and in 4550 participants of Framingham Heart Study (FHS). First, we assessed the total burden of rare (frequency <1%) and common (frequency >1%) CNVs for association with mortality during follow-up. These analyses were repeated by stratifying CNVs by type and size. Secondly, we assessed individual common CNV regions (CNVR) for association with mortality. We observed that the burden of common but not of rare CNVs influences mortality. A higher burden of large (≥500 kb) common deletions associated with 4% higher mortality [hazard ratio (HR) per CNV 1.04, 95% confidence interval (CI) 1.02 -1.07, P 5 5.82 3 10 25 ] in the 11 442 participants of RS1, RS2 and FHS. In the analysis of 312 individual common CNVRs, we identified two regions (11p15.5; 14q21.3) that associated with higher mortality in these cohorts. The 11p15.5 region (combined HR 1.59, 95% CI 1.31 -1.93, P 5 2.87 3 10 26 ) encompasses 41 genes, of which some have previously been related to longevity, whereas the 14q21.3 region (combined HR 1.57, 95% CI 1.19 -2.07, P 5 1.53 3 10 23 ) does not encompass any genes. In conclusion, the burden of large common deletions, as well as common CNVs in 11p15.5 and 14q21.3 region, associate with higher mortality.
INTRODUCTION
It has long been observed that human lifespan has a genetic component (heritability 25-30%) (1 -3), but to date only few genes have been identified to influence it. The recent genome-wide association studies (GWASs) relating single nucleotide polymorphisms (SNPs) to longevity have provided only modest additional information (4, 5) . These studies were well powered to detect the association of common SNPs with longevity, suggesting that either rare variants or other types of genetic variation might be at play. Recently, the genome-wide study of copy number variations (CNVs) has become feasible and thereby also the study of CNVs in relation to human lifespan. * To whom correspondence should be addressed. Tel: +31 107043488; Fax: +31 107044657; Email: m.kuningas@erasmusmc.nl # The Author 2011. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com Human Molecular Genetics, 2011, Vol. 20, No. 21 4290-4296 doi:10.1093/hmg/ddr340 Advance Access published on August 11, 2011 CNVs are caused by chromosomal rearrangements that result in the loss (deletion) or gain (duplication) of stretches of DNA sequence, and they represent a significant source of genetic variation in the human genome (6) . The mechanisms through which CNVs can lead to phenotypic effects include among others gene interruption, gene fusion and changes in gene expression. Differences in gene expression can result from a dose effect for genes that are within a deletion or duplication, or from altered expression through disruption of regulatory elements (7 -9) . Gene interruption, on the other hand, can lead to gene inactivation, whereas gene fusion caused by genomic rearrangements between different genes or their regulatory sequences can generate a gene with a new and unexpected function (7 -9) . It has been noticed that CNVs can be detrimental, beneficial or have no phenotypic consequences at all (10) .
In humans, CNVs have been shown to cause sporadic and Mendelian diseases (10) , but recent evidence implicates CNVs also in a variety of complex traits (11) (12) (13) (14) (15) . In these studies, individual CNVs and the total burden of rare CNVs have been analyzed. Analyzing the burden of rare CNVs (frequency ,1%) enables to estimate the combined effect of rare variants. Through this approach, the burden of rare CNVs has been identified as a possible cause of schizophrenia (14) , autism (11) , bipolar disorder (16), amyotrophic lateral sclerosis (17, 18) and obesity (19) . Likewise, lifespan could be affected by the combined effect of rare CNVs, but the same could hold true for the combined effect of common CNVs. Common CNVs are individually likely to have small or moderate phenotypic effects, but in combination they might result in considerable phenotypic effects. Such effects can reliably be assessed with moderate sample sizes. To date, however, common CNVs have typically been analyzed separately for their association with various traits. It has been found that individual common CNVs (frequency .5%) associate with Crohn's disease, rheumatoid arthritis, type 1 diabetes and type 2 diabetes (15) . Most of these common CNVs are tagged by SNPs, and have therefore been indirectly studied with GWASs (6, 15) . Nevertheless, as not all CNVs are tagged by common SNPs, the study of individual common CNVs remains important. The same hold true for the evaluation of their combined effect, i.e. CNV burden.
In this study, we assessed the impact of CNVs on mortality in two ways: first as individuals' total burden of rare and common CNVs, and second, by searching for common individual CNV regions. We hypothesized that a higher burden of CNVs, either rare or common, is associated with higher mortality. In addition, we expected to identify novel genomic locations that influence lifespan by analyzing individual common CNV regions (CNVRs). The study was carried out in the first cohort (RS1) of the prospective populationbased Rotterdam study (RS), and positive findings were replicated in the second cohort of RS (RS2) and in the Framingham Heart Study.
RESULTS
We analyzed the total burden of CNVs that were present in ,1% (rare CNVs) or in .1% (common CNVs) of the RS1 study population separately. Altogether, 95% of these participants carried at least one rare CNV, whereas 99% carried at least one common CNV (Supplementary Material, Table S1 ). Per individual we observed a median number of three rare and six common CNVs (Supplementary Material, Table S1 ). Among common CNVs, no very large (≥1 Mb) deletions or duplications were observed.
First, we investigated the effect of the total burden of rare and common CNVs on mortality in RS1. Of the 5178 participants, 2716 (53%) died during a median follow-up period of 15 years (Table 1) . For the total burden of rare CNVs, no associations with mortality were observed ( Table 2 ). This result did not change when the rare CNV burden was analyzed separately for deletions and duplications, or CNV size (Table 2 ). In contrast, for the burden of common CNVs, we observed that ). In the overall meta-analysis of the 11442 participants of RS1, RS2 and FHS, a 4% increase in mortality (HR 1.04, 95% CI 1.02-1.07, P ¼ 5.82 × 10 25 ) was observed. Next, we examined the association of individual CNVRs that have a frequency .1% with mortality. In defining CNVRs, overlapping CNVs within a region were merged, and the outermost boundaries of those CNVs were taken. This approach yielded 312 CNVRs with an average size of 847 kb (range 1.70 kb -14.5 Mb), of which nine were associated with mortality in RS1 (Table 3) . From these, the association with mortality was most consistently replicated for two CNVRs (11p15.5 and 14q21. Fig. S1 ). The closest gene is c14orf28, which is located 116 kb downstream. This deletion is present in 1% of the participants and it contributes to higher mortality as observed in the 11 442 participants of RS1, RS2 and FHS (combined HR 1.57, 95% CI 1.19-2.07, P ¼ 1.53 × 10 23 ) ( Table 3 ). The second, 11p15.5, CNVR (size 794 kb) contains both duplications and deletions, and encompasses 41 genes ( Fig. 1 ; Supplementary Material, Table S2 ). Approximately 2% of the examined populations carries either a deletion or a duplication in this region, and these carriers have higher mortality compared with non-carriers, as observed in 11 442 participants of RS1, RS2 and FHS (combined HR 1.59, 95% CI 1.31 -1.93, P ¼ 2.87 × 10 26 ) (Table 3) . Within the RS1 discovery cohort, we repeated all analyses for CNVRs with a frequency .5%. This did not reveal any significant associations (data not shown). In addition, to test whether the association between higher mortality and the burden of deletions .500 kb in RS1 is accounted for by the 11p15.5 and 14q21.3 CNVRs, we repeated the initial analysis with adjusting for these two CNVRs. This adjustment did not essentially change the initial estimate.
DISCUSSION
In this genome-wide CNV analysis we observed in RS1 and replicated in RS2 and FHS that a higher burden of deletions larger than 500 kb associates with 4% higher mortality. In addition, we identified two common CNV regions (CNVRs) that associate with higher mortality as well. One of these CNVRs (11p15.5) is located in a gene-rich region, whereas the other (14q21.3) does not encompass any genes.
In this study we expected that the higher burden of CNVs, either rare or common would be associated with higher mortality. For the burden of rare CNVs, we observed no significant associations. It is likely that rare CNVs are highly detrimental and that carriers of these do not reach old age. Therefore, we speculate that the rare CNVs observed in this study of older individuals have negligible functional consequences. Alternatively, they could have moderate phenotypic effects, but due to power limitations, we were unable to detect these associations, leading to a potential false-negative result. Common CNVs are likely to contribute to moderate phenotypic effects, but due to their higher frequency their combined effect is more easily detectable. Here, we observed that individuals with a higher burden of common large deletions have 4% higher mortality. This association could not be explained by the two individual common CNVRs (11p15.5 and 14q21.3) that also associated with higher mortality. This suggests that not only the number of CNVs, but also the combination of CNVs that an individual carries may have an influence on the risk of mortality.
In this study, we tested 312 common individual CNVRs, of which two (11p15.5 and 14q21.3) were consistently associated with higher mortality across the three populations. Considering the low number of CNVRs tested and the level of significance these associations reached, we are confident that these loci represent true findings. Furthermore, both of these CNVRs have been reported by the Database of Genomic Variants (DGV, http://projects.tcag.ca/variation/). The 11p15.5 CNV is located in a gene-rich region and it encompasses 41 genes. Some of these genes have been associated with cardiovascular disease (CVD; PKP3) (20) , cancer (HRAS, RNH1, TALDO1) (21-23), insulin resistance (PNPLA2) (24) and longevity (HRAS) (25, 26) . In the HRAS gene, a 3' variable number of tandem repeat allele was observed to be less frequent in centenarians compared with young controls (25) , and in an other independent study, a haplotype was shown to enhance the effect of APOE on exceptional survival (26) . However, even though there is prior evidence for the influence of HRAS gene on human lifespan, other genes in this region or in close proximity might also be of relevance. Especially when taking into account that the 11p15.5 region is located nearby genes (SIRT3, TH, INS and IGF2) that are consider to be prominent candidate genes for human longevity (27) (28) (29) . Based on our results, we cannot conclude the independence or uniform effect of the CNV events spanning this region, where specific evaluation of the CNV breaking points is needed. The other, 14q21.3, CNVR encompasses no genes, making functional implications less clear cut. The closest gene to that region is c14orf28, which is located 116 kb downstream. Recently, it was demonstrated that the expression of c14orf28 is altered in schizophrenia and bipolar disorder samples relative to controls (30) , implicating this gene in dopamine-signaling pathway. Although the 14q21.3 deletion is located far upstream, it could influence the transcription of c14orf28 gene. Another alternative functional consequence of the 14q21.3 deletion includes a disruption of highly evolutionarily conserved DNA region with functions either in chromosome assembly or in DNA replication (31) .
In this study, we called CNVs common, when they were present in .1% of the study population (i.e. polymorphism). Under this definition, we were able to observe significant associations for CNVs that have a relatively low frequency (11p15.5 2%; 14q21.3 1%). In several other studies, different cut-off criteria for determining common CNVs have been used. One of these criteria includes frequency .5% (15) . When we applied this criterion, no significant associations with CNVRs and mortality were observed. Previously it has been demonstrated that most of the CNVs with a frequency .5% are well tagged by SNPs and have indirectly been studied in GWASs (6, 15) . Hence, the lack of associations with CNVRs with frequency .5% in this study is in line with the lack of genome-wide significant associations between SNPs and longevity. On the other hand, in this study, we were powered enough to study CNVs that are rare but not extremely rare, representing frequencies for which very large samples sizes would be needed in GWASs.
The current study has several strengths. One of these is the availability of genome-wide CNV data within a large population-based cohort, implying unbiased phenotyping. In addition, the participants of this study have been followed for mortality for a relatively long period of time, yielding a high number of events to study. Also, by making use of RS2 and FHS cohorts, we were able to validate the CNV events and their frequency in different cohorts and across different genotyping array types. Furthermore, we were able to replicate the associations observed in RS1. A strength but also a drawback of the study is the use of high-density SNP arrays for detecting CNVs. These arrays enable high genomic resolution, but they have been designed to target unique non-duplicated regions of the human genome. Therefore, not all regions in the genome are equally well covered, especially those which are prone to genomic rearrangements (32) . Consequently, some genomic regions were not assessed and remain to be studied. In addition, we observed CNVs in the same genomic regions with different frequencies in different study populations. This is likely to stem from the genotype data used, since if SNPs for some reason do not pass quality control, it affects CNV inference (33) . Despite these limitations, we identified CNVRs that associate with higher mortality across three study populations. The use of specific CNV arrays in the future would enable a more comprehensive assessment of the relationship between CNVs and lifespan.
In conclusion, in this study, we found that the burden of large common deletions, as well as common CNVs in the 11p15.5 and 14q21.3 regions, contribute to higher mortality at old age.
SUBJECTS AND METHODS

Study populations
This study is embedded in the RS and the FHS. The RS is an ongoing population-based study of risk factors for chronic diseases in the elderly. Detailed information on design, objectives and methods has been presented elsewhere (34) . The current study included 5178 participants of the RS1 and 1714 participants of RS2 for whom genome-wide CNV data were available. All participants of the RS were followed for mortality until 1 January 2009. Altogether 2716 (53%) of the 5178 participants in RS1 and 223 (13%) of the 1714 participants RS2 died during the follow-up period ( Table 1 ). The Medical Ethics Committee of the Erasmus Medical Center approved the RS and written informed consent was obtained from all participants. The FHS was initiated to study the determinants of CVD and other major illnesses. The original cohort was recruited in 1948 and the offspring of the original cohort participants and offspring spouses were enrolled in 1971 (35) (36) (37) (38) . DNA was obtained for genetic studies in the 1990s from surviving original cohort and offspring participants. The time at
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which DNA was obtained is considered the baseline examination for these analyses. For the current study, genetic information and data on mortality were available for 4550 participants.
CNV detection
In RS, CNVs were inferred from the genome-wide genotype data of the RS participants. The genome-wide genotyping was performed with Illumina 550K array (Illumina, San Diego, CA, USA) in individuals of European descent (sample call rate ≥97.5%). Individuals with excess of autosomal heterozygosity mismatch between genotypic and phenotypic gender, and outliers identified by the identity-by-state clustering analysis, were excluded. For CNV detection, log R ratio (LRR) signal intensity and B allele frequency (BAF) were extracted using BeadStudio 3. were also excluded. In FHS, genotyping was performed using the Affymetrix genome wide array 5.0 for 8735 individuals. The raw CEL files were read, normalized and CNVs called using Affymetrix power tools and the PennCNV software. A total of 112 746 CNVs were obtained from the analysis. Extensive quality control of data was done using several measures. CNVs that did not adhere to a one or more of these criteria were excluded.
Generation of CNV-burden and CNVR datasets
The data on total CNV burden and on specific CNVRs per individual was estimated by using PLINK v1.07 software (39) . In estimating the total CNV burden, CNVs that overlapped by at least 50% of their length with another CNV were considered to co-localize and counted once. For CNVRs, completely non-redundant CNVRs were constructed by merging overlapping CNVs and taking the outermost boundaries of those CNVs. These datasets were generated for deletions and duplications combined and separated.
Statistical analysis
The association between mortality and the burden of CNVs and individual CNVRs was calculated with Cox proportional hazard regression, adjusted for age at baseline and sex. All association analyses were performed with SPSS version 17 (SPSS Inc., Chicago, IL, USA) statistical software. Results were combined in a meta-analysis using the inverse variance method to combine effect size estimates from each sample (40) .
